nutrient assimilation (mainly phosphorus and nitrogen-containing substances) from soil [4] . The symbiosis between legume Fabaceae plants and rhizobia (Alphaproteobacteria, Betaproteobacteria and Gammaproteobacteria) is best known among the nitrogen-fixing plant-microbe symbioses. In legume-rhizobium symbiosis (LRS) the specialized structures (nodules) colonized by bacteria that fix atmospheric nitrogen are developed on plant roots [3] . AM and LRS have a lot of similarities, pointing to their evolutionary relationship [5, 6] . High genetic and metabolic integration of the partners is characteristic of both symbioses. AM and LRS development involves certain molecular and cellular events which are clearly interrelated among partners and accompanied by a constant exchange of signals and metabolites [6, 7] .
Experimental mutagenesis is widely used to elucidate the mechanisms underlying formation and the functioning of mutualistic plant-microbe symbioses. In particular, extensive collections of bean mutants allow to identify several dozen regulatory symbiotic genes [8] [9] [10] [11] , also called Sym (symbiosis) genes [12] . Many of them have been cloned and sequenced, and various legume species show the similarities in structure and activity of orthologous Sym genes. The functions of these genes vary and comprise the control of reception of the signaling molecules produced by microsymbionts, activation of common signaling cascade for AM and LRS (CSC) and the subsequent changes in transcriptome of the root cortex cells [6, 7, 13] .
Garden pea (Pisum sativum L.) belongs to the most important legume crop in Russia and in the world [14] . There are over 100 independent pea mutants defective in LRS (rarely AM) development with 44 Sym genes affected [1, 8, 9, [15] [16] [17] [18] [19] [20] [21] . A promising approach to identification of the sequence of mutated pea genes is based on a comparative genetic mapping and search for candidate gene in the genome of closely related legume plant barrel medic Medicago truncatula Gaertn. and Lotus japonicus (Regel.) K. Larsen [8, [22] [23] [24] .
The purpose of this paper is to overview current data on the genetic mapping of pea Sym genes, including the results obtained in ARRIAM. G e n e t i c m a p p i n g t e c h n i q u e. Genetic mapping is based on the classical genetics including determination of linkage groups and estimation of recombination frequency. The distances between genes are measured in map units (m.u.)/Centimorgan (сМ) equal to one percent recombinant phenotypes [25] . Genetic mapping involves statistical analysis of massive data on marker allele segregation in a certain generation after the crossing. To this end, at least a dozen of software has been developed, for example, MAPMAKER 3.0, MapL98, JoinMap 4.1, etc. [26] [27] [28] [29] [30] .
Both morphological and molecular markers (protein-and DNA-based) allow pea gene mapping, however, only the involvement of DNA markers in genetic analysis made it possible to develop large-scale genetic maps with high resolution [31] . Over the past 25 years, various versions of the pea genome genetic maps have been constructed with the use of molecular markers [22, [32] [33] [34] [35] [36] [37] [38] [39] [40] [41] [42] [43] .
Gene-specific EST (expressed sequence tag) markers identified by amplification of the expressed sequence fragments are considered the most appropriate for genetic mapping pea genes after their detection by experimental mutagenesis. To design primers, the known EST sequence is commonly used. If the restriction site of the endonuclease applied to detect an allelic state of the amplification product coincides with the single nucleotide polymorphism site, the markers are referred to as CAPS (cleaved amplified polymorphic sequences) type markers. Allelic polymorphism of such markers is manifested as different numbers and sizes of the resulting restriction fragments separated by agarose gel electrophoresis [44] .
Gene-specific markers in legumes allow to exploit the phenomenon of genomic synteny to transfer knowledge between model (Lotus japonicus, alfalfa) and crop legumes including pea [24, 45] . Synteny is referred to as the same order of homologous genes on the chromosomes of different species. This is micro-synteny in case of synteny within a cluster of several closely located genes, and this is macro-synteny if such a pattern is typical of the whole chromosomes or their extended sections.
Research aimed at developing new gene-specific markers and construction of genetic maps for legumes disclosed both macro-and micro-synteny in their genomes [22, 40] . Detection of high synteny among pea and alfalfa Medicago truncatula genomes generated a new impetus to the pea genetics development, especially after the successful sequencing of the alfalfa genome. Due to high genome similarity, the knowledge about the alfalfa genes can be used in studying pea genes, developing their gene-specific markers and gene cloning, once homologous mutations (i.e., mutations with similar phenotypic manifestation) found [24] . The Plant Comparative Genomics portal of the Department of Energy's Joint Genome Institute (USA, http://www.phytozome.net) [46] represents current information on alfalfa genome sequencing using interface of a genome browser that facilitates the search for homologous genes and candidate gene analysis.
Ge n e tic ma p p ing a s a to o l f o r id en tif ica tio n o f p ea symbiotic gene sequence s. Over the past 10 years, the set of more than 100 genespecific molecular markers has been designed in ARRIAM for mapping pea Sym-genes of all linkage groups. In this, we used known ESTs which positions in the genome are described in literature (so-called anchor markers).
Oligonucleotide primers for PCR and amplification of target DNA fragments in different pea lines have been designed using nucleotide sequences of selected ESTs from GenBank (NCBI, http://www.ncbi.nlm.nih.gov). The resulting set has been allowed us to define first or clarify the localization of ten symbiotic genes [20, 47, 48] . The figure shows a generalized diagram summarizing all the data, including those obtained in ARRIAM, on the genetic mapping of pea symbiotic genes [9, 20, [47] [48] [49] .
by other researchers are marked gray. The relative position of these genes is not defined:
Genetic mapping of mutants using gene-specific markers allowed us to identify positions of 13 Sym-genes in pea. Many of them were determined simultaneously with that of orthologous genes in other legumes, including model species [20, 48, [51] [52] [53] [54] [55] [56] [57] . Generalized scheme to determine order of the pea genes included four steps. These are the gene localization on pea genetic map; search for known genes in the syntenic region of the model legumes (Medicago truncatula or Lotus japonicus); selection of candidate homologous genes for the target pea gene by phenotypic comparison between the mutants in pea and the model legume species; amplification and sequencing the pea gene with the primers designed based on the sequence of a model legume candidate gene [8] .
The seven pea genes have been sequenced in ARRIAM independently or in collaboration with world's leading laboratories. Of them, the pea Sym33, Sym35 and Sym37 genes have been sequenced based on the homology to alfalfa gene IPD3 [56] , Lotus japanese gene NIN [52] and NFR1 gene [54] , respectively. The Sym33 gene encodes the protein that interacts with Ca 2+ -calmodulindependent protein kinase (CaM kinase), the central component of common signaling cascade (CSC), Sym35 gene encodes the LRS-specific CSC-dependent transcription factor, and Sym37 genes encodes the Nod factor (bacterial signal) receptor [6] . The pea Sym40 gene was identified as a homologue of previously known gene EFD, encoding a transcription factor of the ethylene response factor (ERF) group in alfalfa [48] , and the mutation corresponding gene Sym41 is a variant (weak allele) of another symbiotic pea gene Sym19, encoding the CSCinvolved receptor kinase [20] . The orthologous genes Cochleata and NOOT controlling nodule meristem have been recently identified as homologs of Arabidopsis thaliana (L.) Heyhn. BOP1 and BOP2 genes involved in leaf and floral morphogenesis [57] . Six of these pea genes have been sequenced based on the gene maps except Sym34 with unknown localization. For Sym34 sequencing the homology to the alfalfa NSP1 gene which encodes CSC-dependent transcription factor common to LRS and AM was assumed solely on the basis of the phenotype of the pea mutant [21] .
Thus, in pea the nucleotide sequences of 14 Sym-genes are presently identified which is only a third of that identified by mutational analysis, i.e., many Sym-genes have yet to be mapped and sequenced.
N e x t g e n e r a t i o n t e c h n o l o g i e s -a n o u t l o o k. In recent years, with the development of next-generation sequencing and massive genotyping, the information on gene-specific makers in pea is increasingly accumulated. Next generation sequencing (NGS) allows a high speed to read a great number of fragments, which makes it possible to analyze polymorphism of thousands sequences considered as potential markers. Massive genotyping using GoldenGat microchips (Illumina, USA) allows a one-time analysis of thousands designed markers. Due to these approaches, several thousand gen-specific markers have been mapped in pea in the past two years [43] .
The whole genome sequencing in P. sativum undoubtedly will facilitate genetic mapping of the symbiotic genes. However, pea, like many other legumes, is still waiting for a chance to be among the species with sequenced genomes [58] , while its studies are mostly limited to transcriptome sequencing [59] [60] [61] [62] .
Thus, the use of gene-specific markers for genetic mapping allows to exploit genome synteny to transfer data obtained for model legumes (Lotus japanese, alfalfa) to economically significant crops, including pea. Design of newtype "interspecies" markers derived from pairs of orthologous genes from different leguminous plants and saturation of pea genetic map obviously can greatly assist in the implementation of a complete pea genome assembly based on the next generation sequencing (NGS). In turn, the mapping of symbiotic genes and identification of their sequences will help in better understanding of how the pea genes can control plant interaction with beneficial soil microorganisms. .1007/s00572-002-0188-3).  18. J a c o b i L.M., Z u b k o v a L.A., B a 
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